Introduction
Actinide chalcogenido complexes containing the group 16 congeners sulfur, selenium, and tellurium have been known for three decades.
1-13 However, only recently elemental chalcogen activation and chalcogen atom transfer reactions with actinide complexes have been developed. [14] [15] [16] [17] [18] [19] [20] [21] [22] This renewed interest in actinide reactivity with the chalcogens and chalcogenides can -to some extent -be attributed to the importance of solid-state materials that are obtained from controlled pyrolysis of inorganic or organometallic chalcogenolates. 23 This family of compounds holds promise for various applications, including photovoltaics, 24 fast-ion conductors, 25, 26 and thermoelectric energy conversion, [27] [28] [29] among others. [30] [31] [32] [33] From a basic research point of view, complexes containing the hard uranium ion and so sulfur, selenium, and tellurium ligands are fundamentally important to advance understanding of covalency in the metal ligand bond that is essential for the development of lanthanide/ actinide separation methodologies.
34-36
In uranium coordination chemistry, chalcogenido ligands tend to prefer bridging coordination modes. [6] [7] [8] [9] 14, 19, 37 However, by utilizing an ylide-masked U(III) starting material that slows the rate of comproportionation, and thus prevents the formation of bridging chalcogenide complexes, the monomeric, terminal chalcogenide species [H 3 CPPh 3 ][(R 2 N) 3 U(E)] (E ¼ S, Se, Te; R ¼ SiMe 3 ) were synthesized recently by Hayton et al.
Results and discussion
Employing the tacn (tacn ¼ 1,4,7-triazacyclononane) and single N-anchored tris(aryloxide) ligands, we recently reported a series of chalcogen-bridged compounds containing purely inorganic chalcogenido ligands, [{(( tBu,tBu ArO) 3 Interestingly, Ph 3 P]E (E ¼ S, Se), known to be a potent chalcogen atom transfer reagent, did not react with the bridging chalcogenido ligands of complexes 2 and 6. 41 A series of mixedchalcogenido bridged complexes can be obtained by reacting selenium bridged complex 2, or sulfur bridged complex 6, with precisely one equiv. of elemental sulfur or selenium, respectively. Due to the expected strong disorder in the resulting single crystals we did not further pursue the isolation of these compounds.
Syntheses and molecular structures of di-and tetraselenido bridged uranium complexes and precisely 2 equiv. of selenium powder (Scheme 1). Recrystallization of 3 in a concentrated DME solution yields brown crystals suitable for X-ray diffraction. The solid state structure reveals the dinuclear, tetravalent uranium complex [{(( Ad ArO) 3 N)U IV } 2 (m-Se 2 )(m-DME)] that features the bridging m-h 2 :h 2 -Se 2 2À unit as well as a bridging DME molecule (Fig. 1,   top ). The coordination geometry of both seven-coordinate uranium centers can be best described as distorted mono-capped trigonal prismatic. The h 2 -bridging Se 2 2À unit is located in the axial position and is trans to the nitrogen anchor. This geometry is in contrast to complex 2, where the bridging m-Se unit is located in the equatorial position cis to the nitrogen anchor.
14 The U-Se bonds are slightly asymmetric (U1-Se1, 2.962(1)Å; U1-Se2, 3.060(1)Å; U2-Se1, 3.078(1)Å; U2-Se2, 2.942(1)Å) and are slightly longer compared to typical U-Se-U bond distances (Table 1) . 14, 19, 37, 43 The Se1-Se2 bond distance of 2.377(1)Å is comparable to the respective bond lengths in transition metal 32, 33, 44, 45 and lanthanide complexes 32,46-49 as well as uranium perselenide complexes (2.293(2)Å-2.401(4)Å).
39,50
Additionally, the U(IV)-Se 2
2À
-U(IV) entity adopts a M 2 L 2 -buttery structural motif, with a torsion angle of 125.02 and is thus strongly bent compared to the structurally similar bis-m-selenido complex [Na(DME) 3 
14,20,21
In attempts to further investigate the synthesis of complex 3, we added increasingly more than 2 equiv. of Se, ultimately leading to the formation of yet another, olive-green product. Alternatively, [{(( Ad ArO) 3 N)U IV (DME)} 2 (m-Se)] (2) can be treated with just 3 equiv. of selenium powder to obtain 4 with a similar yield. Evidently, 3 is still reactive towards elemental selenium powder and is able to insert two more selenium atoms into the bridging Se 2 2À unit of 3 to form the Se 4 2À ligand found in 4. This reactivity clearly shows the proclivity of selenium to catenate to chains as there is no redox chemistry involving the uranium centers and their oxidation state of +IV is retained (vide infra).
The molecular structure of 4 shows two tetravalent uranium centers in a distorted mono-capped trigonal prismatic geometry. Two Se atoms of the Se 4 2À moiety are located trans and one Se atom is situated cis to the nitrogen anchor. In contrast to 3, the uranium centers in 4 are not coordinated by additional solvent molecules. The bridging Se 4 2À moiety features alternating Se-Se bond distances with two very similar bond lengths with Se1-Se2 at 2.316(2) and Se3-Se4 at 2.310(2)Å as well as a slightly larger bond distance of 2.438(1)Å for Se2-Se3 (Table 1) . Thus, the bridging Se 4 2À unit is reminiscent to complexes of the 1,3-butadiene ligand. [51] [52] [53] Similar bond properties are known for polysulde ligands and can be attributed to charge localization at the rst and last selenium atom of the chain. 33, 54, 55 Only three selenium atoms of the Se 4 2À ligand are coordinated to each uranium center in a m-h 3 :h 3 fashion. The U-Se bonds are all slightly asymmetric and range from 3.052(2) to 3.125(1)Å, which is marginally longer than the bond distances in 3 and other reported U-Se distances. 8, 14, 19 The average U-O Ar bond distances of 2.123 and 2.126Å in 4 are even shorter than those observed in 3 (2.149, 2.164Å), which indicates a stronger Scheme 1 Syntheses of selenium-bridged complexes 2 (top), 3 (right), and 4 (bottom) via different pathways using precise stoichiometric amounts of elemental selenium.
aryloxide-to-uranium binding and lower electron density at the uranium centers with an increasing number of coordinated Se atoms. It should be noted that the crystal structure of the investigated crystal of 4 revealed the presence of a minor fraction (less than 7%) of the corresponding bis-m-selenido complex [{(( Ad ArO) 3 N)U} 2 (m-Se) 2 ] leading to some disorder in the central U-Se 4 -U moiety.
56
Crystallization of 4 from coordinating solvent induces a geometry change of the coordinated Se 4 2À ligand. X-ray diffraction analysis of olive-green/brown single crystals, obtained from slow hexane diffusion into a THF solution of the complex reveal the molecular structure of 5 (Fig. 2 Boncella et al. 37 The dinuclear complex is situated on a crystallographic inversion center and exhibits C i molecular symmetry. Each uranium center in 5 adopts a distorted mono-capped trigonal prismatic coordination geometry. The U-Se bond lengths of 2.913(1)Å and 3.178(1)Å are indicative of a strong anionic U-Se1 bond and a weaker dative interaction U-Se2, respectively, an observation that is identical to that reported by Boncella and coworkers. 37 Furthermore, similar to 4, compound 5 exhibits two shorter Se-Se bonds at 2.288(1)Å and one longer bond at 2.420(0)Å between Se2-Se3; the average U-O Ar bond distances of 2.135Å are comparable with those observed for compound 4 (Table 1) . 56 Unfortunately, this compound could not be synthesized reproducibly nor isolated in pure form. Attempts to isolate different products by adding even more equivalents of elemental selenium to compounds 4 and 5 have not been successful. This observation might be attributed to the decreasing solubility of complexes 4 and 5. Fig. 1 Molecular structures of uranium diselenido complex 3 (top) in crystals of 3$2DME and uranium tetraselenido complex 4 (bottom) in crystals of 4$2C 7 H 8 $0.25C 6 H 14 . Adamantyl groups, H-atoms and cocrystallized solvent molecules are omitted for clarity. Thermal ellipsoids are at 50% probability. . However, the very rare supersuldo complexes of the transition metals have shown a wider range for the S-S bond length, ranging from 1.944-2.023Å, depending on the metal center, the supporting ligand, and the coordination mode. [67] [68] [69] [70] Accordingly, based on the bond metric of the S 2 moiety, an exact assignment (persulde vs. supersulde) remains impossible. Both ligands are slightly skewed, pointing toward each other, and the distances between S1-S3 (3.836Å) and S2-S4 (3.366Å) rule out the formation of a conceivable S 4 2À unit. The U-S bond distances are slightly different from each other and range from 2.741(2) to 3.020(2)Å, which is slightly longer than the bond lengths observed in [{(( Ad ArO) 3 N)U IV (DME)} 2 (m-S)] 14 (6) and other bridging suldo complexes reported in the literature.
6,19,37
The average U-O Ar bond distances of 2.104Å and 2.106Å, respectively, are signicantly shorter than those observed in 6, which is an observation that was also made for complexes 4 and 5. Complex 7B is slightly different from 7A as only one S 2 unit features the h 2 :h 2 -binding mode that was already observed in 7A. The second S 2 moiety exhibits a m-h 1 :h 2 binding mode, which results in both uranium centers being situated in a different coordination environment. The U1 ion has a coordination number of eight and features a distorted squareantiprismatic coordination geometry, while U2 is only sevencoordinate and adopts a distorted mono-capped octahedral coordination environment. The U-S bond lengths (2.684(2)-2.860(2)Å) and S-S bond distances (2.051(2), 2.044(2)Å) are all in the same range as observed in 7A (Table 2) . Finally, the average U-O Ar bond distances of 2.110Å and 2.087Å can be compared to the observations made in complexes 4, 5, and 7A. We investigated if the persuldo complex [{(( Ad ArO) 3 N)U IV } 2 -(m-S 2 )], which might be a possible intermediate in the formation of 7, could be synthesized similarly to 3. However, all attempts to form a persuldo complex lead to the precipitation of 7. This selective formation of 7 likely is due to the S 8 ring structure of elemental sulfur as well as the low solubility of complex 7, which leads to an excess of sulfur atoms in the coordination vicinity of the uranium center and subsequent precipitation of 7. Likewise, trying to form the persuldo complex by reacting 7 with stoichiometric amounts of 1 in a comproportionation reaction only lead to intractable mixtures of different products, from which no pure compound could be isolated.
Electronic structure of polychalcogenido bridged U(IV/IV) complexes
In order to probe the formal oxidation state of the uranium ions and their electronic structures, we performed variable temperature (2-300 K) dc magnetization measurements on compounds 3, 4, and 5. SQUID measurements reveal magnetic moments of m eff ¼ 3. (Fig. 4) . Accordingly, the observed magnetic moments and their temperature-dependency is characteristic of uranium(IV) complexes with an f 2 electron conguration and a 3 H 4 ground state.
14,21,71
An investigation of the temperature-dependent behaviour of disuldo bridged complex 7 revealed a magnetic moment of m eff ¼ 2.33 m B at 300 K (per formula unit) that decreases to 0.37 m B at 2 K upon decreasing temperature (Fig. 5, top) . While a lowtemperature magnetic moment of $0.4-0.5 m B is typically observed in uranium(IV) compounds, the unusually low magnetic moment of 2.33 m B at room temperature is more indicative of a uranium(V) species.
72
Antiferromagnetic exchange coupling between two uranium centers can signi-cantly decrease the overall magnetic moment and is typically observed as a maximum in the plot of c M vs. T.
14, 73 The magnetic susceptibility of 7, however, does not show a maximum (Fig. 5,  bottom) ; and hence, antiferromagnetic exchange coupling is not evident for this compound but cannot be ruled out entirely. Fig. 3 Molecular structures of uranium disulfide complex 7A (top) and uranium disulfide complex 7B (bottom) in crystals of 7$5DME. Adamantyl groups, H-atoms and co-crystallized solvent molecules are omitted for clarity. Thermal ellipsoids are at 50% probability. Furthermore, increased covalency of the U-Se bonds in 3-5 and the U-S bonds in 7, respectively, can also reduce the overall magnetic moment. 74 The observed non-magnetic ground state of 7 at low temperature (m eff ¼ 0.37 B.M. at 2 K) allows for different interpretations, arising from several possible electronic congurations and magnetic exchange interactions within the [U(S 2 ) 2 U] unit: the ground state could result from non-interacting U(IV) f 2 ions (singlet G 1 ground state within the 3 H 4 ground manifold) with through-space, antiferromagnetically coupled supersulde (S 2 c À ) ligands or an entirely antiferromagnetically coupled system of U(IV) and bridging radical anions. Alternatively, and assuming that the bridging S 2 ligands are further reduced to diamagnetic persuldes, S 2 2À , the U(V) f 1 ions could be strongly antiferromagnetically coupled to yield the observed non-magnetic ground state at 2 K. Closer inspection of the c M vs. T plot (Fig. 5, bottom) indeed reveals a plateau at approx. 50 K with increasing c M below 30 K. While the increased susceptibility at lower temperatures might arise from minor paramagnetic impurities, the saddle point could -in principle -be qualitatively interpreted as the onset of an ordering phenomenon in an antiferromagnetically coupled system. 73, [75] [76] [77] However, the current magnetization study does not allow for an unambiguous assignment of the U ions' and bridging S 2 ligands' oxidation states.
Accordingly, CW X-band EPR spectroscopic studies were performed on samples of 7 in liquid and frozen toluene solution at room temperature and 7 K, respectively. However, samples of 7 are EPR silent under these conditions. This is not unusual and -in principle -not in contrast with the formulation of 7 as U(IV/IV) with two bridging, radical anionic, supersuldo ligands, nor as paramagnetic U(V/V) with bridging, diamagnetic persuldo ligands. Previous studies have shown that both U(V) species (e.g., U(V) imidos) 78 and complexes of U(IV) with coordinated radical anions, such as carbon dioxide, 79 diphenyldiazomethane, 80 or benzophenone 81 are EPR inactive. These observations render attempts to assign the exact oxidation state of the uranium ions as well as the bridging ligands in complexes 7A and 7B difficult. Full understanding of the magnetic behavior of this compound and comparison to 1-6 requires collaborative XAS spectroscopic and DFT theoretical studies that are currently being planned and will be reported in due time.
Conclusion
Polychalcogenido complexes of actinides -especially those featuring the heavier group 16 elements S, Se, and Te -are an exceedingly rare class of compounds. Generally, low-valent, strongly-reducing metals are essential for the activation of elemental chalcogens. Herein we demonstrated, however, that by carefully choosing the reaction conditions, even relatively unreactive uranium(IV) complexes can be employed for controlled and stoichiometric elemental chalcogen activation; given the chelating ligand at the U(IV) ion provides sufficient stability and exibility. Thus, employing the sterically highly accommodating ( Ad ArO) 3 N 3À chelate, polyselenido complexes 3, 4, and 5 were synthesized via different pathways, starting from either the U(IV) complex (2 and 6) or the U(III) complex (1), respectively. These complexes feature m-Se 2
2À
, m-h 3 :h 3 -Se 4
, and m-h 2 :h 2 -Se 4 2À bridging ligands. Selectivity of compound formation is achieved by using precise stoichiometric amounts of elemental chalcogen and appropriate solvents. The resulting complexes showed magnetic behavior that is characteristic of the uranium(IV) starting compounds; thus, demonstrating the unchanged redox state of the uranium centers. Hence, the reactivity likely stems from the Se 2À and Se 2 2À moieties Fig. 4 Temperature-dependent SQUID magnetization data of polyselenido-bridged compounds 3 (black), 4 (red), and 5 (blue). Data were corrected for underlying diamagnetism. themselves and is independent from the metal centers that are basically serving as a stage for chalcogenide transformation. The reactivity of elemental sulfur with the respective U(III) and U(IV) complexes is distinctly different from that of selenium. 
